Abstract. In skeletal muscle and adipose tissue, insulin-stimulated glucose uptake is dependent upon translocation of the insulin-responsive glucose transporter GLUT4 from intracellular storage compartments to the plasma membrane. This insulin-induced redistribution of GLUT4 protein is achieved through a series of highly organized membrane trafficking events, orchestrated by insulin receptor signals. Recently, several key molecules linking insulin receptor signals and membrane trafficking have been identified, and emerging evidence supports the importance of subcellular compartmentalization of signaling components at the right time and in the right place. In addition, the translocation of GLUT4 in adipocytes requires insulin stimulation of dynamic actin remodeling at the inner surface of the plasma membrane (cortical actin) and in the perinuclear region. This results from at least two independent insulin receptor signals, one leading to the activation of phosphatidylinositol (PI) 3-kinase and the other to the activation of the Rho family small GTP-binding protein TC10. Thus, both spatial and temporal regulations of actin dynamics, both beneath the plasma membrane and around endomembranes, by insulin receptor signals are also involved in the process of GLUT4 translocation.
I. Introduction
INSULIN stimulates glucose transport into striated (skeletal and cardiac) muscle and adipose tissues, via the insulin-responsive glucose transporter protein GLUT4, expressed exclusively in these tissues. GLUT4 protein, a member of facilitative transporter (GLUT) family containing 13 known GLUTs, is a 12 trans-membrane protein and is the only isoform that has been established as being insulin responsive. Unlike other members of the GLUT family, GLUT4 is predominantly localized to poorly-defined intracellular compartments including the trans-Golgi-network (TGN) and recycling endosomes, with a small fraction (2-5%) residing at the cell surface in the basal state. Although recent reports have suggested GLUT4 protein to be sequestered in endomembrane compartments through interactions with anchoring proteins [1] , GLUT4 protein slowly but continually cycles between the cell surface and multiple intracellular compartments [2, 3] . Because of the slow rate of GLUT4-containing vesicle exocytosis as compared to its endocytotic rate, the vast majority of GLUT4 protein resides within the cell in the absence of insulin stimulation. Activation of the insulin receptor by insulin binding triggers a dynamic redistribution of GLUT4 protein via a large increase in the rate of GLUT4 vesicle exocytosis which is concurrent with a comparatively small decrease in the rate of internalization via endocytosis [4] [5] [6] . The overall insulin-stimulated changes in the cellular dynamics of GLUT4 protein distribution controlled by multiple vesicle trafficking events results in a net increase in GLUT4 protein amounts on the cell surface (GLUT4 translocation), which accounts for the majority of insulin-stimulated glucose transport into adipocytes and muscle cells [2, 3] . Once insulin stimulation is terminated, GLUT4 protein is rapidly internalized mainly through clathrindependent endocytosis and undergoes a subsequent intracellular sorting process resulting in a return to GLUT4 protein storage compartments, thereby terminating facilitated glucose uptake. Thus, the blood gluCorrespondence to: Makoto KANZAKI, Ph.D., TUBERO/ Tohoku University Biomedical Engineering Research Organization, 2-1 Seiryo-machi, Aoba-ku, Sendai, Miyagi 980-8575, Japan cose level increase after a meal is normalized via the redistribution of GLUT4 protein compartmentalization achieved by a highly organized and complex vesicular trafficking network that includes mechanisms for sorting, budding, trafficking, tethering, docking and fusion. Importantly, these dynamic processes of GLUT4 trafficking are directly orchestrated by intracellular signals generated from the insulin receptor. In other words, insulin receptor signals need to be translated into the dynamic processes of membrane trafficking events that apparently employ multiple mechanisms including mechano-chemical enzymes and/or molecular motors.
The actin cytoskeleton has been implicated in various membrane trafficking events and in the retention of organelles at specific locations within cells [7] [8] [9] . In the context of GLUT4 translocation processes, the integrity of the GLUT4 protein storage compartments is damaged by cytoskeleton perturbing reagents such as latrunculin (targeting actin filaments) and nocodazole (targeting microtubules) [10] [11] [12] , and subsequent insulin-induced glucose uptake and GLUT translocation are markedly impaired under these conditions [11, [13] [14] [15] [16] [17] [18] [19] . In addition, insulin stimulation of GLUT4 translocation requires at least two insulin receptor signals including phosphatidylinositol (PI) 3-kinase and the Rho family small GTP-binding protein TC10, both of which are also known to regulate actin cytoskeletal organization in multiple cell types [20, 21] .
II. Insulin receptor tyrosine kinase
Insulin evokes metabolic, mitogenic and antiapoptotic actions of its target cells, in a cell specific manner, which depend entirely on activation of the intrinsic tyrosine kinase activity of its receptor [22] . Although the insulin receptor is a member of the family of transmembrane receptors with intrinsic tyrosine kinase activity, unlike most other members of this family, the insulin receptor is composed of two extracellular α-subunits and two transmembrane β-subunits linked by a disulfide bond into an α2β2 heterotetrameric complex [23] . Insulin binding to the α-subunits induces a conformational change that consequently activates the intrinsic tyrosine kinase of the β-subunits. The activation of insulin receptor tyrosine kinase results in a series of intermolecular transautophosphorylation reactions that produce multiple phosphor-tyrosine residues that serve distinct functional roles [24, 25] . For example, the phospho-tyrosine 960 residue located at the juxtamembrane region of the β-subunit is required for appropriate recognition of insulin receptor substrates (IRSs) [26] . The recruited IRS proteins are then phosphorylated by the activated insulin receptor tyrosine kinase.
III. Insulin receptor proximal substrate proteins
Unlike other receptor tyrosine kinases that directly recruit downstream effector molecules to their phospho-tyrosine residues, the insulin receptor phosphorylates and employs several scaffolding proteins that in turn recruit various downstream effector proteins. These include the four known members of the IRS protein family (IRS 1-4), Gab1, Shc, SIRPs, Cbl and APS [27] . IRS proteins are the most extensively characterized insulin receptor substrates [28, 29] . The tyrosine phosphorylation of IRS proteins provides SH2 domain binding sites, and recruits SH2-containing proteins such as the regulatory subunit (p85) of type 1A PI 3-kinase, the protein tyrosine phosphatase SHP2, the Src family of non-receptor type tyrosine kinases including Fyn and Csk, and the adaptor proteins Grb2 and Nck. These SH2-containing proteins often have SH3 domains that bind proline-rich regions with the consensus sequence PXXP, and thereby serve as binding sites for further protein-protein interactions with additional downstream effectors.
One of the most challenging problems is to define the interrelationships among these signaling events and the in vivo specificity necessary for distinct biological responses. The combinatorial scaffolding of multi-subunit signaling molecules on IRS proteins may be one of the key mechanisms defining insulin receptor signaling specificity for the regulation of cell autonomous biological responses. Furthermore, since biological responses reflect the integration of outputs from all of the signaling pathways activated by a receptor, signaling specificity can result from a unique combination of multiple signaling pathways activated by the insulin receptor.
Two independent insulin receptor signaling pathways appear to be involved in insulin-stimulated GLUT4 translocation and glucose uptake. The first and most well-established signaling pathway is the IRS-PI 3-kinase pathway, which functions as an essentially global signal. The second pathway involves the APS-CAP-Cbl protein complex [22, 29] , which is compartmentalized within specialized microdomains called lipid rafts/caveolae that are exceptionally welldeveloped in fully differentiated adipocytes (Fig. 1) .
IV. PI 3-kinase and its downstream effectors
IV. (1) Insulin-stimulated GLUT4 translocation requires PI 3-kinase as a global signal
The type 1A PI 3-kinase, which functions as a heterodimer composed of a regulatory p85 subunit and a catalytic p110 subunit, plays essential roles in a wide variety of insulin-mediated metabolic actions, since inhibition of PI 3-kinase catalytic activity, whether by relatively selective pharmacological inhibitors (wortmannin and LY29004) or over-expression of a dominant-interfering mutant p85 regulatory subunit of the PI 3-kinase, can abolish glucose uptake and GLUT4 translocation [30, 31] . On the other hand, over-expression of the p110 catalytic subunit of PI 3-kinase or its constitutively active mutants induces GLUT4 translocation and glucose uptake [20, 32] . Thus, the interaction between tyrosine phosphorylated IRS proteins and the SH2 domain of the p85-regulatory subunit apparently provides a dual function by both activating the p110-catalytic subunit and targeting it to the plasma membrane localized substrate, PI 4,5-bisphosphate (PI(4,5)P 2 ). The catalytic p110 subunit of this enzyme catalyzes phosphorylation at the D3 position of the inositol ring of PI(4,5)P 2 , and produces PI3,4,5-trisphosphate (PI(3,4,5)P 3 ) in the cellular membrane. The formation of 3' phosphoinositides (PI(3,4,5)P 3 and PI (3,4) P 2 ) in the plasma membrane generates recognition sites for a number of proteins containing plekstrin homology (PH) domain. These include the serine/threonine kinases 3'-phosphoinositidedependent kinase 1 (PDK1) and protein kinase B (PKB/Akt) [33, 34] , as well as the Sec7 domain containing protein GRP1/ARNO, which functions as a guanine nucleotide exchange factor (GEF) for ARF proteins [35] . Once PI(3,4,5)P 3 is generated in the plasma membrane by insulin stimulation, these PH domain-containing proteins undergo prompt translocation to the inner surface of the plasma membrane where they can generate further signals. Following the termination of insulin receptor activation, a rapid dephosphorylation of PI(3,4,5)P 3 by the 3' phosphoinositide phosphatase PTEN (phosphatase and tensin homology) results in discharge of these membranerecruited PH-domain containing proteins back to the cytoplasm [36, 37] . Thus, dynamic changes in the spatial and temporal compartmentalization of these PH-domain containing proteins between the cytoplasm and the plasma membrane provide a key regulatory mechanism for the PI 3-kinase signaling pathway.
IV (2). Downstream effectors of the PI 3-kinase signaling pathway involved in GLUT4 translocation
Insulin-induced recruitment of both PDK1 and its substrate PKB/Akt to the plasma membrane via the interaction between PI(3,4,5)P 3 and their PH domains facilitates PKB/Akt phosphorylation by PDK1, in turn activating membrane-targeted PKB/Akt. PKB/Akt is a subgroup of the AGC (cAMP dependent, cGMP dependent, protein kinase C) family of protein kinases that possesses two critical regulatory phosphorylation sites, the first of which is a threonine residue (Thr308) Fig. 1 . Insulin stimulates glucose uptake by causing GLUT4 translocation from intracellular storage compartments to the plasma membrane. This insulin dependent GLUT4 translocation requires two independent signaling pathways; the IRS-PI 3-kinase signaling pathway that is relatively broadly activated by a number of hormones and growth factors (Signal 1), and the CAP-Cbl signaling pathway that is activated only in fully differentiated adipocytes (Signal 2). Lipid rafts/caveolae microdomains are required for the activation of Signal 2. TC10 is persistently localized to the lipid rafts/caveolae microdomains and thereby generates spatially compartmentalized signals that contribute the specificity of insulin action.
in the activation loop, phosphorylated by PDK1 [38] . Full activation of PKB/Akt requires a second phosphorylation on a serine residue (Ser473) that may result from the activity of another putative kinase localized to the triton-insoluble compartment [39] , or occur via autophosphorylation [34] . Recently, mammalian targeting of rapamycin (mTOR) protein kinase forming the protein complex with two associated proteins, called rictor and GβL, has been shown to serve as the putative kinase PDK2 responsible for the phosphorylation of Ser473 [40] . mTOR forms another protein complex with raptor and GβL, which is sensitive to the drug rapamycin and to nutrients including amino acids [41, 42] . However, the rictor-containing mTOR complex appears to be insensitive to rapamycin and Ser473 of PKB/Akt is fully phosphorylated by this protein complex even in the presence of rapamycin. In any case, a key step for propagating insulin receptor signals leading to a wide array of insulin actions is the PI(3,4,5)P 3 -dependent recruitment of these serine/ threonine kinases to the inner surfaces of cellular membranes.
Initial studies employing expression of a constitutively active membrane-targeted PKB/Akt demonstrated induction of GLUT4 translocation without insulin stimulation [43] [44] [45] [46] , whereas expression of dominantinterfering mutants and microinjection of blocking antibodies against PKB/Akt were also found to inhibit insulin-induced GLUT4 translocation [44, 47] . Intriguingly, other studies have also shown that there is an insulin-dependent association of PKB/Akt with intracellular GLUT4 containing compartments [48, 49] . Using small interfering RNA to reduce the expression levels of PKB isoforms, knock-down of PKBβ/Akt2 in adipocytes prevented insulin-stimulated GLUT4 translocation [50, 51] . Similarly, genetic ablation of PKBβ/ Akt2 in mice resulted in insulin-resistance by preventing glucose uptake and GLUT4 translocation [52, 53] . In contrast, loss of PKBα/Akt1 resulted in growth retardation but no obvious defects in glucose homeostasis [54] .
Recently, several lines of evidence have demonstrated that AS160, a substrate for PKB/Akt, may be involved in the process of insulin-induced GLUT4 translocation [55, 56] . AS160 contains six consensus PKB/Akt phosphorylation sites as well as a Rab GAP (GTPase activating protein) domain [55, 57] . Rab proteins comprise the largest branch of the Ras superfamily of small G-proteins. Like other small G-proteins, Rab proteins cycle between a GDP-bound and a GTPbound state and regulate several processes of membrane trafficking, including vesicle budding, motility, tethering and fusion [58] . In insulin-responsive cells, several Rab proteins are expressed, and Rab 4, 5 and 11 have been implicated in the GLUT4 trafficking processes [59] [60] [61] [62] [63] [64] . Recently, an in vitro biochemical study demonstrated the GAP domain of AS160 to be functional in Rabs 2A, 8A, 10 and 14, but not other Rab family members including Rabs 4 and 11. In addition, Rabs 2A, 8A and 14 appeared to be present in GLUT4-containing vesicles [65] . Although it is not yet known which Rab isoforms are regulated in vivo by the GAP domain of AS160 in an insulin-dependent manner, over-expression of the dominant-interfering mutant version of AS160 has been shown to block GLUT4 translocation [56] . These data suggest that AS160 serves as an important functional link between the IRS-PI 3-kinase-PKB/Akt signaling pathway and membrane trafficking events directly involved in the translocation of GLUT4 [66] .
More recently, the SNARE associated protein synip was identified as another PKB/Akt substrate [67] . Synip was originally identified by two-hybrid screening using the cytoplasmic domain of syntaxin 4 as bait [68] . It was shown that insulin-dependent dissociation of synip from syntaxin 4 might allow productive SNARE pairing between syntaxin 4 and VAMP2 (discussed in Section VIII. (2) below), thereby facilitating fusions between GLUT4-containing vesicles and the plasma membrane [68] . A recent study identified an unusual potential PKBβ/Akt2 phosphorylation site within synip (RXKXRS 97 XS 99 ). The serine 99 appears to be a specific phosphorylation site for PKBβ/Akt2, but not for PKBα/Akt1, and this phosphorylation leads to dissociation of the synip-syntaxin 4 complex [67] . However, the most recent study did not obtain results indicating that the phosphorylation of Synip on serine 99 is required for insulin-induced GLUT4 translocation [69] . Thus, although it is till controversial, the insulin-dependent phosphorylation of synip by PKBβ/ Akt2 may provide a mechanism for the final fusion of GLUT4-containing vesicles with the plasma membrane.
In addition to PKB/Akt, numerous studies have suggested that the atypical PKC isoforms lambda and zeta (PKC λ/ζ) may also play a role as downstream targets for the IRS-PI 3-kinase signaling pathway in the process of insulin-induced GLUT4 translocation [70] [71] [72] . PKC λ/ζ are another member of the AGC kinase sub-family that is activated by PDK1-dependent phosphorylation of a threonine residue (Thr402/410) in its activation loop [33, 73, 74] . The phosphorylation and activation of PKC λ/ζ are stimulated by insulin [75, 76] and the expression of constitutively active PKC λ/ζ mutants reportedly increases whereas dominantinterfering mutants and microinjection of blocking antibodies inhibit insulin-induced GLUT4 translocation [70] [71] [72] . However, other studies found no evidence of direct involvement of PKC λ/ζ in this process [77] . Despite PKC λ/ζ not possessing a PH domain, these enzymes are recruited to the plasma membrane, and are activated by PDK-1-dependent phosphorylation in response to insulin stimulation [78, 79] . Recently, the recruitment of PKC ζ has been suggested to apparently be regulated by a second insulin receptor signal required for insulin-stimulated GLUT4 translocation, as discussed in Section VIII. (1) below. Although the functional roles of atypical PKCs in insulin-induced GLUT4 translocation remain controversial, a number of reports have demonstrated the involvement of these enzymes in insulin metabolic actions, and their possible dysfunction in insulin-resistant states [80] .
V. PI 3-kinase-independent regulation of GLUT4 translocation
While it has been well established that insulininduced GLUT4 translocation requires the activation of PI 3-kinase and subsequent generation of 3'-phosphoinositides through the IRS signaling pathway, an important issue awaiting resolution is the mechanism underlying the remarkable specificity of insulin action. For example, despite the PI 3-kinase signaling pathway being activated by a wide range of hormones and growth factors, only insulin evokes specific metabolic activities in its target tissues [81] [82] [83] . Similarly, integrin receptor-mediated activation of PI 3-kinase, and PI(3,4,5)P 3 generation, failed to induce GLUT4 translocation in adipocytes [84] . Furthermore, expression of a constitutively active PDK1 mutant was found to result in phosphorylation and activation of both PKB/ Akt and PKC λ/ζ with no significant effect on glucose uptake [85] .
Moreover, a cell permeable PI(3,4,5)P 3 analog failed to stimulate glucose uptake when added alone to the cells [86] . However, in the presence of both wortmannin and the PI(3,4,5)P 3 analog, conditions completely blocking endogenous PI 3-kinase activity, glucose uptake in adipocytes was enhanced in response to insulin stimulation. Further studies demonstrated that the PI(3,4,5)P 3 analog induced GLUT4 translocation, despite transport activity not being activated, suggesting the presence of a PI 3-kinase independent activation mechanism of transport activity [87, 88] . Together, these data provide compelling evidence that the IRS-PI 3-kinase signaling pathway is necessary, though not sufficient, for GLUT4 translocation and/or transport activation.
In this regard, numerous studies have indicated that PI 3-kinase independent signals can also stimulate GLUT4 translocation in adipocytes and muscle cells. For example, hyperosmolarity has potent insulin-like properties and induces the translocation of GLUT4 in a PI 3-kinase-independent but tyrosine kinase-dependent manner [89, 90] . Similarly, expression of the constitutively active mutant version of heterotrimeric Gprotein Gq/11 α-subunit [91, 92] or introduction of GTPγS (guanosine 5'-{γ-thio}triphosphate), a nonhydrolyzable GTP analog, into adipocytes leads to GLUT4 translocation [93] [94] [95] . Osmotic shock and introduction of GTPγS have been shown to induce tyrosine phosphorylation of p130Cas, PYK2 and c-Cbl [90] . Similar to the effects of osmotic shock and GTPγS, exercise/contraction and hypoxia in skeletal muscle are known to be potent stimulators of GLUT4 translocation and glucose uptake that are also independent of the PI 3-kinase pathway [96] [97] [98] . Numerous investigations have indicated activation of 5'-AMPactivated protein kinase (AMP-kinase), resulting from increased AMP: ATP ratio, to be directly involved in GLUT4 translocation under these conditions [99] [100] [101] . Interestingly, Gq-coupled receptors have also been shown to activate AMP-kinase [102] . A more recent report also suggested involvement of AMP-kinase in the phosphorylation of AS160 in muscle in response to contractile activity [103] .
Together, these data demonstrate that the process of GLUT4 translocation is governed by multiple mechanisms with different signaling elements. Even though these alternative signaling pathways leading to GLUT4 translocation apparently bypass the initial insulin signal transduction steps, it is likely that they evoke their actions through activation of a common convergent signal transduction step that operates downstream from and/or in parallel with PI 3-kinase.
VI. Lipid rafts/caveolae microdomains and insulin signal transduction
VI.
(1) CAP-Cbl complex defines the second signaling pathway required for GLUT4 translocation
Biological responses are often achieved via the integration of multiple intracellular signaling pathways activated by a given receptor. For example, even when downstream signaling molecules are shared by several different receptors, specificity can be produced by unique circuitries and combinations of signaling intermediates that are often dependent upon cell types and cellular differentiation states. In the context of insulininduced GLUT4 translocation, a recent study revealed that Cbl, a substrate for insulin receptor tyrosine kinase, triggers a second insulin receptor signaling pathway that functions in concert with the IRS-PI 3-kinase signaling pathway [104] . Cbl protein contains multiple tyrosine residues phosphorylated by receptor kinases and also has SH2, zinc finger, proline-rich and leucine zipper domains [105] . Importantly, the phosphorylation of Cbl in response to insulin stimulation can be seen in fully differentiated adipocytes, but not in fibroblasts over-expressing the insulin receptor [106] . Subsequent studies revealed that fully differentiated adipocytes expressed the Cbl adaptor proteins, APS (adaptor protein containing a PH and SH2 domain) and CAP (Cbl-associated protein), required for insulin-induced Cbl tyrosine phosphorylation [107, 108] . Intriguingly, the CAP expression level, which is under transcriptional control of the nuclear receptor PPARγ, correlates well with both insulin stimulation of Cbl phosphorylation and insulin sensitivity in 3T3L1 adipocytes and in mice [109, 110] .
Although phosphorylation of Cbl by insulin receptor tyrosine kinase requires these Cbl adaptor proteins, Cbl is also known to be a substrate for a number of tyrosine kinases, including platelet-derived growth factor, epidermal growth factor, and colony-stimulating factor-1 in various cell lines [111] [112] [113] . These activated receptor tyrosine kinases associate directly with c-Cbl through its SH2 domain, leading to the phosphorylation of Cbl protein. Cbl proteins function as an E2-dependent E3 ubiquitin protein ligase, which mediates the polyubiquitination of these activated receptor tyrosine kinases, followed by degradation [114, 115] . This process provides for a rapid down regulation of receptor function, thereby terminating these signals.
However, this is not the case for insulin signal transduction.
Structural analysis of the insulin receptor kinase domain/APS SH2 domain complex demonstrated that the SH2 domain of APS forms a homodimer, with each partner binding to a different subunit of the insulin receptor heterodimer [116] . The association of APS with the insulin receptor then results in phosphorylation, which in turn provides a binding site for the SH2 domain of Cbl. Insulin stimulation of Cbl phosphorylation is necessary for GLUT4 translocation processes, since the expression of dominant-interfering mutant forms of APS, CAP or Cbl inhibited these processes [104, 107, 108, 117] . In addition, the use of small interfering RNA to reduce the expression levels of Cbl or APS protein in adipocytes showed that knock-down of these Cbl adaptor proteins inhibited insulin-induced glucose uptake and GLUT4 translocation [108] . However, it is noteworthy that another study obtained no evidence of direct involvement of APS and CAP in the processes of insulin-induced GLUT4 translocation [118] , though genetic ablation of APS does increase insulin sensitivity [119] . Thus, the precise physiological roles of APS remain elusive, but these data indicate that APS and Cbl play important roles in the regulation of insulin metabolic actions including GLUT4 translocation.
The emerging evidence that there is a second tissuespecific insulin signaling pathway responsible for the translocation of GLUT4 provides an important conceptual framework for our understanding of insulin's metabolic actions, especially with regard to its high tissue specificity. Thus, two distinct insulin receptor signals are required for insulin-induced GLUT4 translocation; one is the CAP-Cbl signaling pathway that is activated only in fully differentiated adipocytes, and another is the IRS-PI 3-kinase signaling pathway that is relatively broadly activated by a number of hormones and growth factors.
VI. (2) Lipid raft/caveolae microdomains serve as a platform for generating the second signaling pathway required for GLUT4 translocation
The discovery of the second insulin signaling pathway responsible for the translocation of GLUT4 provides another important piece of evidence that insulin specificity results from the compartmentalization of signaling molecules in lipid rafts/caveolae. Lipid raft microdomains are highly enriched in cholesterol and sphingolipids in the plasma membrane. A subset of these domains contains the cholesterol-binding structural protein caveolin, and can form caveolae, small flask-like invaginations of the plasma membrane that are remarkably abundant in adipocytes, muscle and endothelial cells. During the differentiation of preadipocytes (fibroblasts) into adipocytes, levels of caveolin mRNA and protein expression increase 20 fold, and the number of caveolae increases 10 fold [120, 121] . This dramatic induction of caveolin proteins and hence caveolae, results in the clustering of individual caveolae (50-80 nm) into large ring-like arrays (caveolae-rosettes) that can be observed by both electron and fluorescent microscopy [121] [122] [123] . Caveolin proteins and caveolae are known to be involved in numerous cellular functions, including signal transduction, cholesterol homeostasis and vesicular transport [124] . Because of their distinct lipid composition, lipid rafts/caveolae microdomains are enriched in a number of signaling molecules including heterotrimeric G-protein Gαq/11, small G-protein H-Ras and TC10 [122, 125] , endothelial Nitric Oxide Synthase (eNOS), and several Src family tyrosine kinases such as Fyn and Lyn [126, 127] . Several lines of evidence indicate that the insulin receptor is also segregated into these microdomains and catalyzes the tyrosine phosphorylation of caveolin [128, 129] . Some of these proteins including the insulin receptor have been shown to interact with caveolin proteins directly [130] [131] [132] . In addition, studies using proteomics technology have identified caveolin-1 as forming a tight complex with a number of proteins, including CD36/FAT, GPIanchored proteins, ceruloplasmin, actin, calsequestrin and flotillin-1/2 [133, 134] .
Insulin-stimulated Cbl tyrosine phosphorylation is induced primarily in lipid rafts/caveolae microdomains, due mainly to the associated protein CAP. CAP possesses three adjacent SH3 domains in its carboxyl terminus, which binds directly to the prolinerich domain of Cbl, and a Sorbin Homology (SoHo) domain in the amino terminus, which binds flotillin, a lipid raft/caveolar resident protein [104, 134, 135] . The interaction between CAP and flotillin results in the recruitment of the CAP/Cbl protein complex into lipid rafts/caveolae. The tyrosine-phosphorylated Cbl protein provides SH2 domain binding sites and recruits a signaling complex containing the adaptor protein CrkII and the guanine nucleotide exchange factor C3G into lipid rafts/caveolae microdomains. The C3G stimulates the exchange of GTP for GDP on several small G-proteins including TC10, a Rho family small G-protein. Insulin stimulation of TC10 activation via the CAP-Cbl-CrkII-C3G signaling complex appears to be necessary for GLUT4 translocation, since prevention of its proper activation by over-expression of either TC10 or CAP mutants significantly inhibits insulin-induced GLUT4 translocation in adipocytes [104, 122, 125] .
VI. (3) Spatially compartmentalized TC10 generates signals that contribute to the specificity of insulin action
TC10 is a member of the Rho family of small Gproteins well known to be potent actin regulators in various cell types [21, 136, 137] . The activity of these Rho family small G-proteins is regulated by their GTP binding and hydrolytic cycle, and binding of GTP leads to an active conformation capable of interacting with various proximal downstream effector molecules and triggering a cellular response [138] . TC10 has high sequence homology with Cdc42 and Rac, and can therefore bind various potential effectors possessing a Cdc42/Rac interactive binding (CRIB) domain. These include p21-activated protein kinase (PAK), the Borg family of interacting proteins, the mammalian partition-defective homologue Par6, and the neural Wiscott-Aldrich Syndrome protein (N-WASP) [21, 136, [139] [140] [141] , as well as others without such domains, including Exo70, CIP4 and PIST [142] [143] [144] (Fig. 2) .
Lipid modifications, including isoprenylation (farnesylation or geranylgeranylation), myristoylation and palmitoylation, are responsible for both targeting and stable association of small G-proteins with cellular membranes. Most Rho family members, including Rho, Rac and Cdc42, contain a single carboxyl-terminal cysteine residue in the consensus sequence for geranylgeranylation that enables these proteins to interact with guanine nucleotide dissociation inhibitors (GDIs). The GDIs function by preferentially binding to GDPbound inactive forms and preventing spontaneous and GEF-induced release of GDP, thereby maintaining these small G-proteins in a soluble inactive state in the cytoplasm. The exposure of the geranylgeranylated carboxyl terminus for membrane binding is dynamically regulated by the GDP-GTP conformational state [145] . In contrast, TC10 contains carboxyl-terminal cysteine residues similar to those of H-Ras, encoding for both farnesylation and palmitoylation. These posttranslational modifications persistently target TC10 to lipid rafts/caveolae microdomains. More specifically, TC10 co-localizes with the organized caveolae-rosette structures in fully differentiated 3T3L1 adipocytes [122, 146] . This spatial segregation of TC10 appears to be required for its activation via insulin stimulation, since experimental mis-targeting of TC10 to non-raft membrane regions by changing its carboxyl-terminal CAAX motif results in the abrogation of insulindependent activation. Furthermore, perturbation of lipid rafts/caveolae microdomains by removal of cholesterol with methyl-β-cyclodextrin or by expression of the inhibitory mutant form of caveolin abrogates both insulin-induced TC10 activation and GLUT4 translocation [122] . Thus, TC10 employs mechanisms different from those of other Rho family members for its activation, and the spatial segregation of TC10 to lipid raft/caveolae microdomains is critical not only for its activation but also for exerting its physiological actions including GLUT4 translocation and actin regulation.
VII. Actin dynamics and GLUT4 translocation
VII. (1) Lipid rafts/caveolae localized TC10 is a potent actin regulator in adipocytes Recently, several effector molecules acting downstream from TC10 in adipocytes have been reported. These include TC-GAP, Exocyst complex, atypical PKCs and N-WASP (neural Wiscott-Aldrich syndrome protein) [21, [141] [142] [143] 147] . Although the precise mechanisms and their relationships to insulin-induced metabolic actions remain to be determined, an important clue to the functional role of TC10 has emerged from prior studies on the established roles of Rho family small G-proteins in regulating the actin cytoskeleton. Current evidence indicates an essential role for TC10 in regulating adipocyte actin structure and its dynamic rearrangements [21, 123] , which may be directly involved in the process of GLUT4 translocation [13, 148] .
In most cell types, particularly fibroblasts which have been the most intensively studied, RhoA, Rac and Cdc42 are known to be involved in actin polymerization into stress fibers, lamellipodia and filopodia, respectively [138] . However, actin cytoskeletal organization is dramatically changed during the differentiation of fibroblasts (pre-adipocytes) into adipocytes, which occurs concurrently with the development of caveolae-rosette structures (Fig. 3) [13, 123] .
Pre-adipocytes contain well-defined stress fibers, whereas fully differentiated adipocytes display a relatively thick cortical actin lining at the inner surface of the plasma membrane. Intriguingly, the cortical actin structure in adipocytes is composed of patches of punctate F-actin that emanates from the organized caveolae-rosettes where TC10 is segregated. This unique F-actin structure has been designated caveolinassociated F-actin (Cav-actin), since the organized Factin structure is dependent on caveolae-rosette organization and disappears upon disruption of caveolae via removal of cholesterol from the cells [123] .
The precise molecular basis underlying the conversion from stress fiber type F-actin to the Cav-actin structure in adipocytes remains unknown. However, this dramatic structural change suggests that actin regulatory mechanisms and functional roles are also altered during adipocyte differentiation. Indeed, insulin induces rapid breakdown of stress fibers and the appearance of lamellipodia in pre-adipocytes, while inducing dynamic actin rearrangements in both cortical and peri-nuclear regions in differentiated 3T3L1 adipocytes [13] . Moreover, the phenotype induced by over-expression of Cdc42 or TC10 is also markedly changed during 3T3L1 adipocyte differentiation. For example, in pre-adipocytes over-expression of Cdc42 wild type (Cdc42/WT) results in disappearance of stress fibers concomitantly with the formation of filopodia, whereas expression of TC10/WT has no significant effect [149] . However, a constitutively active mutant form of TC10 (TC10/Q75L) is fully capable of inducing long micro-spikes in pre-adipocytes [137] . On the contrary, in fully differentiated 3T3L1 adipocytes, over-expression of TC10/WT, TC10/Q75L or even the GDP-bound inactive mutant (TC10/T31N), results in total disruption of cortical and Cav-actin, whereas Cdc42 and its mutants have no significant effects [21, 123] . Thus, the ability of TC10 to regulate the actin cytoskeleton is dependent upon specific cell types that possess certain subsets of actin regulators and specialized membrane microdomains such as lipid rafts and caveolae. In addition, in fully differentiated 3T3L1 adipocytes TC10 has been shown to differentially regulate two distinct compartmentalized actin populations in a manner that depends on TC10 localization, since expression of TC10/Q75L disrupts both Cav-actin and cortical actin structures, but induces massive actin polymerization in peri-nuclear regions [21] . These data suggest that the lipid rafts/caveolae-resident small Gprotein TC10 plays a role in regulating adipocyte actin organization not only beneath the plasma membrane, but also in the peri-nuclear regions. In agreement with this, TC10, along with caveolins and flotillin, is detected at the plasma membrane as well as in various endomembrane compartments including the TGN endosomes localized in the peri-nuclear region and which have been implicated as the major GLUT4 storage sites in fully differentiated 3T3L1 adipocytes [21, 127, 146, 150] . Furthermore, a recent study using enhanced yellow fluorescent protein-tagged β-actin and real-time imaging techniques revealed that in 3T3L1 adipocytes insulin induces dynamic actin rearrangements in both cortical and peri-nuclear regions [13] . Importantly, treatment of 3T3L1 adipocytes with c. difficile toxin B completely inhibits these dynamic actin rearrangements in response to insulin stimulation, and also results in a marked inhibition of insulin-induced GLUT4 translocation and glucose uptake. Since toxin B inhibits all Rho family members including TC10 by producing irreversible glucosylation of these small G-proteins [151] , these data strongly suggest that insulin-induced TC10 activation is required for both actin rearrangements and GLUT4 translocation. Although downstream target molecules governed by TC10 and responsible for the regulation of Cav-actin and cortical actin are still unclear, evidence accumulated to date indicates involvement of N-WASP in perinuclear actin rearrangement and GLUT4 translocation processes [21, 148] .
VII. (2) Insulin-induced actin remodeling is required for GLUT4 translocation
The actin cytoskeleton has been shown to have a profound influence on multiple intracellular membrane trafficking events including vesicle formation, regulated exocytosis and endocytosis. However, the functional role of actin in these processes appears to be highly complex. For example, several studies have suggested that cortical actin, a dense sheet of F-actin beneath and in juxtaposition to the plasma membrane, functions as a physical barrier to vesicle docking based upon its transient depolymerization during exocytosis and the observation that vesicle fusion preferentially occurs at the site where cortical actin is relatively thin [152] [153] [154] . Consistent with this, in some cases disruption of the actin cytoskeleton significantly potentiates agonist-stimulated exocytotic events [155] [156] [157] . In contrast however, in many cell types disruption of Factin structures, either by severing these fibers or by actin monomer sequestration, does not potentiate exocytosis but rather results in the inhibition of agoniststimulated exocytotic events [158] [159] [160] .
In the context of insulin-induced GLUT4 translocation, early studies examining the role of the actin cytoskeleton in insulin action demonstrated that actin depolymerizing agents such as cytochalasin D, swinholide A, and latrunculins A and B inhibit insulininduced glucose uptake and GLUT4 translocation [14-17, 19, 161] . The integrity of GLUT4 storage compartments has also been shown to be damaged by these actin-perturbing reagents [11] . It is important to note that Red Sea Sponge toxins, the latrunculins, which bind monomeric actin and thereby abrogate its de novo polymerization, exert their most potent inhibitory effect on insulin-induced glucose uptake [16] . Furthermore, jaspolakinolide, a cell-permeable F-actin stabilizer, results in massive actin polymerization in both cortical and peri-nuclear regions, and thereby abolishes insulin-induced dynamic actin rearrangements and GLUT4 translocation [13, 17] . Based upon these data and living cell studies using EYFP-actin as described above [13] , it has been proposed that actinbased cytoskeletal networks and their dynamic rearrangements, rather than static F-actin, play important roles in the translocation of GLUT4-containing vesicles to the cell surface in response to insulin stimulation. Intriguingly, several studies have also demonstrated that actin remodeling beneath the plasma membrane is required for GLUT4 translocation induced by osmotic shock, endothelin-1 (ET-1), or expression of the Gq/11 α-subunit [162, 163] . Thus, regardless of the types of stimulation, actin remodeling, which could be mediated by TC10, is perhaps a necessary event for GLUT4 translocation and glucose uptake.
VII. (3) Actin remodeling at the TGN plays a role in regulating GLUT4 exit from storage compartments
In addition to the importance of cortical actin remodeling at the inner surface of the plasma membrane for the vesicle docking/fusion and endocytotic events, recent studies have also implicated actin in the regulation of endomembrane (e.g. Golgi complex) transport and vesicle sorting decisions. For example, treatment of cells with cytochalasin decreases the rate of Golgi protein transport [164, 165] . Indeed, actin has been observed on Golgi-derived membrane vesicles and assembles on Golgi membranes in vitro [166] [167] [168] [169] . Moreover, actin dynamics at the TGN have been found to be coupled to clathrin-coated vesicle formation [170] . Recent studies have suggested that in fibroblasts Cdc42 is recruited to the Golgi complex including TGN and plays an essential role in the regulation of vesicle transport from these endomembrane compartments through governing actin dynamics that are dependent upon the engagement of N-WASP [171] [172] [173] [174] .
As indicated above, available evidence indicates the involvement of N-WASP acting as a downstream effector molecule for TC10 in the regulation of perinuclear actin rearrangement and in the process of insulin-induced GLUT4 translocation [21, 148, 175] . N-WASP, a ubiquitously expressed member of the WASP family, contains several multifunctional domains including the WH1/EVH1 (WASP homology/ Ena VASP homology) domain, IQ motif, basic region, CRIB (Cdc42/Rac interactive binding), proline-rich region, and VCA (verprolin, cofilin-like and acidic) region. In concert with PI(4,5)P 2 or PI(3,4,5)P 3 , N-WASP is regulated by direct binding of the Rho family small G-proteins including Cdc42, TC10 and RhoT, which exposes the VCA region that activates the Arp2/ 3 complex, resulting in a burst of de novo actin polymerization in response to extracellular stimuli [21, 176, 177] . This N-WASP dependent actin polymerization, referred to as actin comet-tails, has been shown to provide a force driving the movement of vesicles, viruses and infectious bacteria [178] [179] [180] . Furthermore, N-WASP-dependent de novo actin polymerization is directly involved in various aspects of membrane trafficking events [174, [181] [182] [183] [184] .
Using an in vitro actin assembly reconstituted system, TC10 has been shown to be capable of inducing the nucleation of actin comet-tails on vesicles and actin-based motility in an N-WASP dependent manner [21] . Intriguingly, using the same in vitro reconstituted system GLUT4-containing vesicles were also found to induce actin comet-tails and actin-based motility stimulated by insulin stimulation [148] . Moreover, treatment with the non-hydrolyzable GTP analog, GT-PγS plus sodium vanadate, which displays insulin-like actions and induces glucose uptake and GLUT4 translocation in adipocytes and muscle cells [93, 185, 186] , also stimulates the induction of actin comet-tails on GLUT4-containing vesicles and their actin-based motility in the same in vitro system. The mobility of GLUT4-containing vesicles is inhibited by latrunculin B, Toxin B, and a dominant-interfering N-WASP/ ∆VCA mutant lacking the VCA region that is responsible for Arp2/3-dependent actin polymerization. Importantly, expression of N-WASP/∆VCA in 3T3L1 adipocytes partially, but significantly, inhibited insulin-induced GLUT4 translocation [148, 175] .
Since there are several lines of compelling evidence demonstrating that the closest homolog, Cdc42, plays an essential role in the process of vesicle trafficking from the Golgi complex through regulating actin dynamics [167, 171, 173, 174, 183] , TC10 may regulate more specialized vesicle exit and/or trafficking from the specialized TGN compartment that contains higher levels of cholesterol and sphingolipids. In this regard, several investigations have suggested that GLUT4 protein is also localized to detergent-insoluble glycolipidrich membranes [121, 187, 188] , although some data appear to be at variance with these results [189] . Taken together, these observations indicate that TC10 functions in adipocytes as an important regulator of perinuclear (TGN) actin polymerization, which may be directly involved in the process of GLUT4 trafficking from intracellular storage compartments to the plasma membrane.
The importance of N-WASP-dependent actin polymerization in the regulation of GLUT4 translocation is underscored by the recent finding that Toca-1 (transducer of Cdc42-dependent actin assembly) serves as an essential component of the N-WASP-dependent actin assembly induced by Cdc42 [190] . Toca-1 is a member of the PCH (pombe Cdc15 homology) protein family involved in actin-based functions including cell adhesion, motility and vesicle trafficking [191] [192] [193] . Interestingly, CIP4/2, a member of PCH family, is reportedly involved in the process of GLUT4 translocation through interacting with TC10, and overexpression of mutant forms of CIP4/2 containing an N-terminal deletion or with diminished TC10 binding, prevents insulin-induced GLUT4 translocation. Thus, although the relationships among TC10, CIP4/2 and N-WASP in the process of actin assembly/disassembly on endomembranes in adipocytes remains to be elucidated, these data support a model in which N-WASPdependent actin regulation (presumably in cooperation with CIP4/2) induced by insulin stimulation is required for efficient translocation of GLUT4 from intracellular storage sites to the plasma membrane [21, 148, 175, 194, 195] .
VII. (4) Actin dynamics are regulated by both phosphoinositides and Rho family small G-proteins
Although it is well established that PI(3,4,5)P 3 synthesized by PI 3-kinase from PI(4,5P) 2 is a critical second messenger for activating several serine/threonine kinases directly involved in GLUT4 translocation as described above, these phosphoinositides are also known to play indispensable roles in modulating actin cytoskeleton and membrane trafficking [196] [197] [198] . In particular, PI(4,5)P 2 and PI(3,4,5)P 3 are important regulators of the actin cytoskeleton in response to a wide array of extracellular stimuli. The concentration and composition of cellular phosphoinositides are tightly regulated by both inositol lipid kinases including the PI 3-and PI 5-kinases, and lipid phosphatases such as PTEN and SHIPs [37, 199] . Furthermore, a growing number of phosphoinositide-binding protein modules including the PH, the FYVE finger (Fab1p, YOTB, Vac1p and EEA1) finger, FERM (Four.1-EzrinRadixin-Moesin), PHD (Plant Homeo Domain) finger and polybasic domains have been identified [197, 200] . Thus, the insulin-induced dynamic actin rearrangements necessary for GLUT4 translocation apparently result from a combination of the phosphoinositide signal and spatially restricted TC10 signal.
There are several potential pathways by which these phosphoinositides could regulate the actin cytoskeleton. For example, the PH-domains containing Rac-GEF such as Vav-1 and Tiam are recruited to the plasma membrane via interactions with PI(3,4,5)P 3 , and are thereby activated [201, 202] . Another important molecular link between PI 3-kinase and actin regulation includes members of the ARF (ADP ribosylation factor) family of small G-proteins. It is well established that ARFs are directly involved in various aspects of intracellular membrane trafficking events via regulation of the assembly and disassembly of vesicle coat proteins [203, 204] . The ARF family is comprised of ARF1-ARF6, which are divided into three classes on the basis of similarity in primary structure: Class I, ARF1-3; Class II, ARF4 and ARF5; and Class III, ARF6 [205] . ARF1 and ARF6 have been shown to be involved in reorganizing the actin cytoskeleton [166, 167, 173, 206] . Like other small G-proteins, ARFs are controlled by ARF-GEFs and ARF-GAPs [205] . ARNO is a PH-domain containing protein that is recruited to the plasma membrane via interactions with PI(3,4,5)P 3 , and serves as an ARF-GEF for a subset of ARFs including ARF6 [207] . ARF6 is structurally divergent from other ARF isoforms and has been implicated in several vesicular trafficking processes, including the recycling of endosomal compartments at the cell surface [208] , the calcium-regulated exocytosis of dense-core granules [209] , and GLUT4 translocation [163, 210] . Recently, phospholipase D (PLD), a downstream ARF6 target was shown to co-localize with GLUT4 vesicles and to potentiate the effects of insulin on GLUT4 translocation [211] . Previous studies found that Rho family members such as Rho A and Rac function as downstream targets for these ARFs [212] [213] [214] . In this regard, recent studies have identified the ARAP family which contains both ARF-GAP and Rho-GAP domains, providing a link between ARF and Rho [215] [216] [217] .
PI(4,5)P 2 is also well known to play an essential role in the assembly/disassembly of plasma membrane endocytotic coat proteins such as epsin and AP-2, which are responsible for recruiting clathrin and for binding endocytotic cargo, respectively [218, 219] . Furthermore, several other components involved in endocytosis also interact directly with PI(4,5)P 2 , including Eps15, AP-180, dynamin and clathrin assembly lymphoid myeloid leukemia protein [220] [221] [222] . Thus, PI(4,5)P 2 and its metabolism are directly involved in various aspects of actin dynamics and vesicle trafficking events.
Recently, several studies have also demonstrated the importance of proper PI(4,5)P 2 metabolism in the regulation of GLUT4 recycling and its insulin responsiveness [194, [223] [224] [225] [226] . The major pathway for PI(4,5)P 2 production is via sequential phosphorylation of PI by a PI 4-kinase to generate PI(4)P followed by phosphorylation with type I PIP 5-kinase. Alternatively, PI(4,5)P 2 is also generated by type II PI 4-kinase via PI(5)P [227] . Currently, three PIP5-kinase isoforms have been identified, and recent studies have demonstrated that these enzymes are activated by Rho family small G-proteins including RhoA, Rac1 and Cdc42 [228, 229] , as well as Arf family small Gproteins [230, 231] . In fully differentiated 3T3L1 adipocytes, alteration of PI(4,5)P 2 metabolism via expression of PIP 5-kinase has been shown to severely affect GLUT4 endocytosis and intracellular vesicle trafficking due to the derangement of actin dynamics [194] . In addition, a recent study using an ECFPtagged PLC-δ1-PH domain revealed the existence of PI(4,5)P 2 -rich plasma membrane patches that may be involved in the organization of active PI(4,5)P 2 signaling zones regulating endocytosis and actin dynamics in 3T3L1 adipocytes [224] . Furthermore, a very recent study demonstrated that chronic ET-1 treatment, which causes insulin resistance, results in dysregulation of cortical F-actin by diminishing the plasma membrane PI(4,5)P 2 level. Importantly, exogenous replenishment of PI(4,5)P 2 , but not PI(3,4,5)P 3 , restores the disrupted cortical F-actin structure and subsequently reverses the insulin resistance induced by chronic ET-1 treatment [226] . Thus, PI(4,5)P 2 and its dynamic turnover in response to extracellular stimuli including insulin are physiologically critical for maintaining proper membrane trafficking and actin dynamics, thereby directly affecting insulin-induced redistribution of GLUT4 .
VIII. Downstream effectors for TC10
VIII. (1) Atypical PKC λ/ζ as a downstream target for TC10
The data described above indicate that actin functions as a convergent downstream mediator of both PI 3-kinase and TC10 signals, which are apparently responsible for several aspects of regulated membrane trafficking events including GLUT4 translocation in 3T3L1 adipocytes. As indicated above in Section IV (2), PKC λ/ζ have been suggested to be downstream targets for the PI 3-kinase signaling pathway, since these enzymes are directly activated by PDK1-dependent phosphorylation of their activation loop [73, 74] . However, PKC ζ/λ also form a quaternary complex with Par6, Par3/ASIP and activated Cdc42 and TC10 [140, 232, 233] , and available evidence indicates that PKC ζ/λ serve as convergent downstream targets for both IRS-PI 3-kinase and Cbl-TC10 signaling cascades in 3T3L1 adipocytes [141] .
The Par proteins were originally identified as being involved in asymmetric cell division and polarized growth in C. elegans development [234, 235] . Par6 has a PDZ (PSD-95/Dlg/ZO-1) domain downstream from a motif that is similar to a CRIB domain, and both are apparently required for the association of Par6 with Cdc42. In addition, Par6 and PKC ζ/λ both contain the PB1 (Phox and Bem1) domain that is required for the formation of heterodimeric complexes [236] . Par3, also termed ASIP, contains three PDZ domains and specifically binds to both Par6 and PKC ζ/λ at cell-cell contact sites in fibroblasts and epithelial cells [237, 238] . Thus, Par6 and Par3 proteins appear to provide scaffolding functions, linking PKC ζ/λ and the Rho-family small G-proteins Cdc42 and TC10.
In fully differentiated 3T3L1 adipocytes, expression of either the constitutively active TC10 mutant or C3G, which activates endogenous TC10, results in the recruitment of PKC λ/ζ to the plasma membrane through the Par6-Par3 complex. Furthermore, PKC λ/ζ with the Par complex translocates to the plasma membrane in a manner dependent on insulin activation of TC10 [141] . More specifically, PKC λ/ζ is recruited to caveolae-rosette structures, followed by phosphorylation of Thr402/410 at the activation loop. Although it was assumed that PKC λ/ζ translocation to the plasma membrane is mediated via interaction with PDK1 [73] , activation of the PI 3-kinase pathway via expression of the constitutively active membrane targeted p110 (catalytic subunit of the PI 3-kinase) did not result in PKC λ/ζ recruitment. In contrast, insulin-induced recruitment of PKC λ/ζ was inhibited by Toxin B and MβCD (removal of cellular cholesterol). Moreover, PKC ζ recruitment was also prevented by over-expression of the dominant-interfering Par6 mutant lacking the CRIB domain. Thus, these data provide evidence of an important connection between two independent insulin receptor signaling pathways by demonstrating that PKC λ/ζ is a convergent downstream target of both IRS-PI 3-kinase and the Cbl-TC10 signaling cascades. It warrants emphasis that only the TC10 pathway results in the recruitment of PKC λ/ζ to the spatially restricted caveolae-rosette microdomains in fully differentiated 3T3L1 adipocytes [141] (Fig. 4) .
Although the physiological significance of the recruited PKC λ/ζ remains to be elucidated, the spatially restricted compartmentalization of PKC λ/ζ provides an important clue to explaining the mechanism of signal specificity. For example, PKC is a relatively promiscuous serine/threonine kinase in terms of its substrate specificity, and PKC λ/ζ-dependent phosphorylation sites are highly degenerate (RXS, RXXS, or RXXSXS) [239] , compared to consensus sites for the related AGC kinase PKB/Akt (RXRXXS) [240] . Because of this relative lack of substrate specificity, many proteins are potentially PKC substrates and are indeed phosphorylated in an in vitro system. However, only a subset of these proteins would actually be phosphorylated in vivo. The spatial compartmentalization of the PKC ζ with Par6-Par3 complex to caveolaerosette structures may therefore allow the enzyme to phosphorylate substrate proteins only in the restricted region associated with signaling specificity. In this regard, it is tempting to speculate that the Cav-actin surrounded by caveolae-rosettes may be regulated by the recruited PKC λ/ζ, since PKC λ/ζ have been shown to be directly involved in regulation of the actin cytoskeleton in various cell types [149, [241] [242] [243] [244] .
In addition to the potential link between PKC λ/ζ and the actin cytoskeleton, recent work has provided a functional link between PKC λ/ζ, Rab4, and the microtubule motor protein KIF3 [245] . Either expression of a dominant-interfering PKC λ mutant or the application of PI 3-kinase inhibitors can block the insulin activation of Rab4. Importantly, GTP-loaded Rab4 was found to interact with KIF3, and microinjection of blocking antibodies against KIF3 significantly inhibited insulin-induced GLUT4 translocation in 3T3L1 adipocytes. In addition, insulin stimulated the association between KIF3 and microtubules whereas the dominant-interfering PKC λ mutant abolished this response. The other microtubule motor protein, KIF5B, has also been found to be involved in GLUT4 translocation [246] . Analysis using DNA micro-arrays revealed KIF5B to be the predominant kinesin expressed in 3T3L1 adipocytes, and that insulin-induced GLUT4 translocation was inhibited by dominant-interfering mutants of this isoform.
VIII. (2) Exocyst Complex as a downstream target for TC10 that regulates tethering/docking of GLUT4-containing vesicles
The exocyst complex consists of eight proteins, Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84, all of which were originally identified in yeast [247] . This octameric complex is involved in the tethering or docking of exocytotic vesicles [248] . In 3T3L1 adipocytes, the exocyst component Exo70 has been shown to interact with active GTP-bound TC10, in the process mediating translocation or assembly of the complex at the plasma membrane [142] . It was found that over-expression of full length Exo70 in 3T3L1 adipocytes increases insulin-induced glucose uptake. In contrast, a carboxyl-terminal-deletion mutant of Exo70 (Exo70-N) markedly decreased glucose uptake with no obvious inhibition of GLUT4 translocation, as assessed by a rim fluorescent assay using GLUT4-EGFP. Employing an exofacial Myc epitopetagged GLUT4 reporter protein, an Exo70-N mutant was demonstrated to specifically prevent the tethering and/or docking of GLUT4-containing vesicles, the process required for final plasma membrane fusion. However, the Exo70-N mutant did not alter the intracellular trafficking of GLUT4 en route to the plasma membrane and GLUT4 vesicles thereby accumulated beneath the plasma membrane. Together, these data suggest that recruitment and assembly of the exocyst complex to lipid raft/caveolae microdomains via interaction with the TC10 and Exo70 is necessary for the final steps of exocytosis (Fig. 4) .
At the final stage of exocytosis, the lipid bilayers of the plasma membrane and vesicle membrane fuse in a reaction catalyzed by the interaction between integral membrane SNARE proteins present in the target membrane (t-SNAREs) and the exocytotic vesicle membrane (v-SNAREs) [249] . In adipocytes, the v-SNARE VAMP2 (or synaptobrevin 2) in the exocytotic vesicles containing GLUT4, and the t-SNAREs syntaxin 4 and SNAP23 in the plasma membrane, play 
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an essential role in the final fusion step [250] . The formation of stable ternary SNARE proteins brings the exocytotic vesicle containing GLUT4 and target membranes into close proximity, and eventually leads to their fusion. Among these SNARE proteins, SNAP23 is known to have multiple cysteine residues that can be palmitoylated and is thereby targeted to the detergentinsoluble region of the plasma membrane [251, 252] . Intriguingly, the exocyst complex has been shown to be required for exocytotic vesicle targeting and tethering/docking in specific areas of the plasma membrane such as sites of polarized exocytosis [248, 253] . In the context of insulin-induced exocytosis of GLUT4-containing vesicles in adipocytes, this might be equivalent to the spatially restricted microdomains of the plasma membrane. In addition to these protein interactions, it should also be recognized that several accessory proteins, including Munc18c, Synip and Tomosyn, are involved in the exocytosis of GLUT4-containing vesicles [68, 254, 255] .
IX. Regulation of Intrinsic transport activity of GLUT4
Although insulin stimulation of GLUT4 translocation from intracellular storage compartments to the cell surface is prerequisite for glucose transport through GLUT4 from the external enviroment of the cells, it remains possible that the intrinsic transport activity of GLUT4 is also regulated by insulin [256] . Indeed, several lines of evidence have indicated that there are apparent discrepancies between the fold-increase in glucose uptake and the fold-increase in GLUT4 translocation [257] . Time course studies using an exofacial myc-epitope tagged GLUT4 have shown that GLUT4 insertion into the plasma membrane occurs prior to a measurable increase in glucose uptake [258] . Over the past several years, evidence implicating the p38 mitogen activated protein kinases in the intrinsic transport activity of GLUT4 has been accumulating [256] [257] [258] [259] [260] [261] . SB203580, an inhibitor of p38 MAPK, reportedly inhibits glucose uptake without affecting the process of GLUT4 translocation to the cell surface in response to insulin. However, subsequent work demonstrated that SB203580 binds directly to the endofacial surface of GLUT4 and thereby inhibits glucose transport activity [262] . Thus, although involvement of p38 MAPK in GLUT4 transport activation needs to be reevaluated, recent research has demonstrated that exogenously administered PI(3,4,5)P 3 can stimulation GLUT4 translocation without stimulating concomitant glucose uptake [263] . Furthermore, a cell-permeable phosphoinositide-binding peptide (PBP10) has been shown to induce insulin-independent GLUT4 translocation without causing a concomitant increase in glucose uptake [264] . The PBP10 peptide is derived from the amino-terminus of the F-actin severing protein gelsolin, and binds phosphoinositides at the D3 and D4 positions. Although the mechanism underlying this action with regard to GLUT4 translocation remains unclear, PBP10-treated adipocytes displayed insulininduced glucose uptake with a shorter time lag, suggesting that the GLUT4 transport activity already localized to the plasma membrane is stimulated by insulin. Thus, the mechanism regulating the intrinsic transport activity of GLUT4 remains an open question and an area of active, ongoing research.
X. Conclusions and Future Directions
Although 25 years have passed since the first evidence that insulin causes translocation of glucose transport activity to the plasma membrane from intracellular storage sites was presented [265, 266] , details of the mechanism(s) underlying this insulin-induced GLUT4 translocation have yet to be fully established. Given the importance of insulin-stimulated GLUT4 translocation under both normal physiological and pathological conditions, it is clear that further understanding of the events that underlie this process could have major implications in terms of our knowledge of glucose homeostasis and type II diabetes. Advances in this field are anticipated to lead to the development of new treatment strategies and therapies for type II diabetes. Over the past several years, considerable advances in two separate investigative fields, insulin receptor signal transduction and GLUT4 trafficking, have been made. Intriguingly these two distinct research fields are united by the common theme of spatio-temporal compartmentalization of functional molecules. At various steps in the intracellular signaling cascades, the information generated by the insulin receptor needs to be translated into the language of membrane trafficking. The recent discoveries that AS160 and Synip are downstream substrates of PKB raise the possibilities of novel mechanisms. In addi-tion, the recent identification of Exo70 as a binding partner for activated TC10 may provide another link between signaling and membrane trafficking processes. Clearly, identifying the points at which the signals converge in the processes of GLUT4 translocation remains a topic for further exploration, but the goal of this review article is to highlight the importance of dynamic actin remodeling as a convergent downstream target governed by two distinct insulin receptor signals; phosphoinositide metabolism and the Rho family small G-proteins. Given the importance of actin regulation in multiple steps involved in membrane trafficking events, a major future challenge will be to identify the molecular mechanisms underlying the spatiotemporal regulation of actin remodeling in the process of GLUT4 translocation.
With ever more advances in molecular identification, our understanding of insulin receptor signaling processes has progressed significantly. However, conventional biochemical approaches provide information on what types of proteins are involved in a given signaling pathway, and the way these molecules interact with each other, but can seldom define where and when these molecules are actually activated and functional within cells. In view of the importance of spatial and temporal compartmentalization of a wide array of molecules with reference to signal generation, membrane trafficking, and their interactions, application of new technologies based on real-time imaging of fluorescent indicators including EGFP-fused proteins will allow us to accurately measure quantitative and dynamic parameters of insulin signaling networks and GLUT4 trafficking in intact cells. 
